We characterize the electrochemical stability of the organic semiconductor Dinaphtho[2,3-b:2 0 ,3 0 -f] thieno[3,2-b]thiophene (DNTT) in aqueous solutions. Electrochemical stability of DNTT in solution is validated by cyclic voltammetry and demonstrated by solution gating of DNTT organic field effect transistors (OFETs). Then, we investigate the response time of DNTT OFETs to ammonia, a common blood gas. For bare OFETs, the response time to ammonia is 1e2s only. The exact response time depends on the DNTT film morphology; the fastest response is obtained for pronounced 3D (Volmer-Weber) growth. By comparing OFETs with and without a semipermeable parylene-C encapsulation layer, the influence of the capping on the response time is investigated. An encapsulation layer of 86 nm prolongs the response time to 100s, indicating that parylene-C acts as an efficient diffusion barrier for ammonia.
Introduction
Due to the possibility to fabricate mechanically flexible devices [1e3], e.g. by printing techniques [1] , organic transistors are heavily investigated as biosensors. Sensors are based on two different device architectures, the organic field effect transistor (OFET) and the organic electrochemical transistor (OECT). For OFETs, a charge sheet accumulates in the semiconducting channel. Detection of substances is possible via capacitive coupling of charges at the gate [4] , semiconductor [5, 6] , or dielectric interface [7, 8] or by modification of the capacitance at the interfaces [9] , similar to inorganic semiconductors [10, 11] . Furthermore, the mobility of charge carriers in the semiconducting layer can change [12] . OECTs operate via a gate potential mediated drift diffusion of ions into the hygroscopic semiconducting film. The ions modulate the doping and, consequently, the conductivity, and set the relevant timescale for detection [13] . As such, OECTs can translate ionic currents into electronic ones and have also found applications in e.g. measurement of neuronal activity [14] and, with modified architectures, as ion pumps [15] .
Recently, we have demonstrated an OFET based detection scheme for urea [16] . The detection relies on the enzymatic hydrolysis of urea. Urea binds to urease and hydrolyses into ammonia. Ammonia passes a semipermeable parylene-C layer and diffuses into the OFET channel, a Dinaphtho[2,3-b:2 0 ,3 0 -f]thieno [3,2-b] thiophene (DNTT) [17, 18] film. In the OFET channel, ammonia reduces the transistor current due to charge trapping, similar to the case of OFET ammonia gas sensors [16, 19, 20] . The response time of our devices was in the order of 100 s. Since transport of molecules, as well as reaction kinetics govern the response time and performance of biosensors [21] , optimization of the detection time is possible by providing the analyte, here ammonia, faster access to the OFET channel. Optimal device architectures known from OFET gas sensors are laterally patterned thin films [19, 22, 23] ; a large number of grain boundaries is also beneficial [24] . Here, we evaluate experimentally the influence of the DNTT film morphology and of the parylene-C membrane on the sensor response time. We find that Volmer-Weber growth mode of DNTT allows for a response time of bare DNTT device on the order of 1 s. Even a rather thin (86 nm) parylene-C encapsulation increases the response time considerably.
Materials and methods

Sample fabrication
Microscope cover slip glass slides (R. Langenbrinck) of thickness 0.2 mm were cleaned by sonication for 10 min each in aceton, isopropanol (IPA) and pure water, and used as substrates. Gate electrodes were patterned via Lift-Off process: A photo-resist bilayer of LOR 3B (4000 rpm, 40s, softbake 3 min @ 150 C) and AZ 701 MIR (6000 rpm, 40s, softbake 1 min @ 90 C) were formed via spin coating, patterned in a MJB 3 Maskaligner and postbaked for 1 min @ 110 C. Development was carried out with AZ 726 MIF and subsequently 3 nm Ti and 15 nm Au deposited via E-Beam evaporation in an UHV-chamber. Lift-Off was performed by sonication in mr-Rem 400, and after Lift-Off the samples were cleaned by sonication in fresh mr-Rem 400 and IPA. SU-8 2000.5 (MicroChem) was patterned as the dielectric: The resist was spincoated (5000 rpm, 40s, softbake 2 min @ 95 C), illuminated with an excessive dose (ca. 8e10 times optimal illumination dose) to create an abundance of photo activated crosslinker and postbaked 10 min at 95 C. A second layer was patterned on top with the same parameters to reduce electrical leakage and both layers developed in mr-Dev 600. The SU-8 was then cured at 280 C under vacuum. Source and Drain electrodes (1 nm Ti, 15 nm Au) were patterned by the same Lift-Off process as the gates and encapsulated by a thin layer of SU-8 outside of the transistor field and the contact pads. 23 nm DNTT were deposited in High Vacuum (<10 À6 mbar)
through shadow masks at a deposition rate of 0.2 Å/s. OFET performance can now be checked via the bottom gate architecture. Optionally, an encapsulation layer of parylene-C can be deposited with Chemical Vapor Deposition via the Gorham route onto the OFETs. The reference OFETs on parylene-C substrates were fabricated as previously reported [16] . Parylene-C was deposited via chemical vapor deposition in a SCS PDS 2010 labcoater.
The prepared OFETs are glued to a prepared Ibidi flow-chamber with a Pt wire (PT005127, GoodFellow) as previously reported [16] .
Measurements
AFM micrographs were recorded with a Veeco Dimension 3100 AFM in tapping mode and evaluated with Gwyddion.
Electrical measurements were performed with two Keithley 2612 SMUs and a Keithley 7072 switching matrix card. The OFETs were operated with common gates, while source and drains were hot-switched through. Typical Source-Drain Voltages are À0.3 V and Source-electrolyte voltages in the range À0.6 V to 0.2 V, depending on device architecture. Measurements were done in ambient at 20 C. Transistor parameters were extracted from the transistor behavior in the saturation regime, which is described by the equation:
W is the channel width, L the channel length, C the areal capacitance coupling the gate to the channel, m the mobility of the organic semiconductor, V Gate the applied gate voltage, and V T the threshold voltage. Electrochemical measurements were performed with a three electrode setup with a Pt-counter electrode and a leakage-free Ag/ AgCl reference electrode (Warner instruments). An Ivium CompactStat was used for the cyclic voltammetry and impedance spectroscopy. For the later, the oscillation amplitude was 10 mV. The data was evaluated with the software IviumSoft.
Results and discussion
Electrolyte gated organic field effect transistors (EGOFETs) are appealing, because the electrical double layers at the gate to electrolyte and electrolyte to semiconductor interface exhibit high capacitances [25e28]. Furthermore, it seems favorable for the response time of the device to have the sensitive region, i.e. the conducting channel, at the sensor's interface. Electrolyte gated OFETs (EGOFETs) [25] are feasible, if the electrochemical stability of the organic semiconductor permits to apply the gate potential via the electrolyte without driving chemical reactions at the semiconductor interface [29, 30] . Here we test the operation of DNTT OFETs in electrolyte without additional parylene-C encapsulation. For this purpose, we investigate first the electrochemical stability of DNTT films on Au electrodes by cyclic voltammetry (CV) [31] . Cyclic voltammetry measurements were performed with a three electrode setup. An Ag/AgCl was used as reference electrode in combination with a Pt counter electrode. The working electrode was a 30 nm DNTT layer on an Au film. In order to facilitate DNTT growth, the Au layer was coated with SU-8, baked, and subsequently SU-8 was removed with solvent before deposition of DNTT. The DNTT working electrode was exposed to the electrolyte with an area of 16 mm 2 . The electrolyte was a 1 mM NaCl solution, which was degassed before the experiment. The resulting cyclic voltammogram displays a set of peaks at 0.38 V and 0.63 V vs. Ag/AgCl (Fig. 1 a) . These peaks could be measured for several cycles with different scan rates (supporting info Fig. S1 ), indicating a reversible oxidation of this molecular energy [17] . Capacitive coupling can be inferred from the impedance spectrum recorded at 0 V potential offset, which displayed a phase angle of close to À80 at frequencies below 100 Hz (Fig. 1 b) [33] . From the CV measurements, we estimate that an electrolyte gate potential of up to À0.5 V can be applied to DNTT based OFETs via a Pt gate electrode, which is set off by ca. 0.2 V from the Ag/AgCl reference electrode used for the CV measurements [31] . Next, we gate DNTT based OFETs via the electrolyte. First, we fabricated bottom-gate, bottom-contact OFETs. The additional bottom gate enabled us to test and optimize fabrication yield before operation in electrolyte. The negative-tone photoresist SU-8 (2000.5) served as gate insulator layer. SU-8 was reported before to provide a dielectric layer suitable for fabrication of OFETs and application of photolithography steps for pattern definition [34] . The Au gate as well as source and drain electrodes were patterned by photolithography via a lift-off process. The electrical leads were passivated against the electrolyte by an additional SU-8 layer. The organic semiconductor DNTT was physical vapor deposited to a thickness of ca. 23 nm. A capping layer on the DNTT was omitted, i.e. the electrolyte, a 10 mM Dulbecco's Phosphate Buffered Saline Solution (DPBS), was in direct contact with DNTT surface. We restrict the gate voltage to a maximum potential of À0.5 V applied via a Pt-wire. A Pt-wire was chosen, since Pt could be easily implemented as a planar Pt-electrode. In this configuration, we observed typical OFET behavior, see Fig. 2 . Since the EGOFETs displayed sufficient drain current at gate potentials lower than À0.4 V, we further limited the gate voltage window to this value for subsequent measurements (Fig. 2 a) . As visible from the data, peak current decreased slightly from À8.58 mA to À8.37 mA, while the hysteresis increased. Drift of EGOFETs in solutions of physiological strength is a known issue, which can be solved by application of a thin capping layer [35] .
Since high ammonia concentrations shift the pH value of the electrolyte, we tested the pH response of the DNTT EGOFETs. A pH value of 10 mM DPBS solution was adjusted with NaOH and HCl, and the transconductance curve of the EGOFETs was recorded (supporting info Fig. S2 ). The threshold voltage shifted 14 mV per decade pH for pH values between 5.5 and 10.3; a steeper shift was observed towards a pH value of 3.65 (Fig. 2b) . The sign of the threshold voltage shift per pH points towards the Pt electrodeelectrolyte as the pH sensitive interface. That is, the surface groups at the polarizable Pt electrodes dominate the pH response [36] . Correlated with the threshold voltage shifts, the slope of the transfer curves shifts (supporting info Fig. S3 ). For lower pH values, the slope increases and thus the charge carrier density or mobility. This could originate from protonic doping of the hole conducting organic semiconductor DNTT [37] . Another potential reason could be gate potential dependent mobility [38] . The data also reveal that the DNTT based EGOFETs operate stable in a wide range of acidic (pH ¼ 3.65) to basic (pH ¼ 10.3) conditions. A similar stability for OFETs operated in solution has so far been demonstrated only for few examples, namely for epindolidiones and a-sexithiophene (6T).
Epindolidione based OFETs were operated in direct contact with the electrolyte at pH values ranging of 3e10, however these OFETS were gated via back gate [39] while 6T based OEFTs were solution gated in a pH range of ca. 2e10 [40] .
The pH stability allows us to determine the time response of bare DNTT FETs to ammonia exposure. For this purpose, the EGOFETs were exposed to a 10 mM ammonia solution. Upon injection of the ammonia into the buffer solution, the drain current dropped rapidly within 1 s, and stabilized within several seconds (Fig. 3 a) . This response is orders of magnitude faster than our previous devices that used a parylene-C encapsulation. Since our previous design uses also a parylene-C gate dielectric, we fabricated for comparison a device that has a parylene-C gate dielectric omitting the parylene-C capping. This device does not perform as good as the SU-8 device, i.e. the reduction in drain current is less pronounced and the response time is slower (Fig. 3  a) . We observed that the lift-off process used promotes a pronounced DNTT film morphology of discrete islands of typically 100 nm lateral size on SU-8 ( Fig. 3 b, supporting info Fig. S4 ). These islands percolate only rather late during growth, similar to growth of pentacene on low surface-energy polyimides [41] . In turn, the DNTT film on SU-8 has a rather open surface structure compared to DNTT films on parylene, which show a dense grainy texture (Fig. 3 c) . A large surface is beneficial for OFET based gas sensors, and methods to increase the surface artificially by lateral structuring have been developed [19] . Here, the DNTT growth was apparently optimized by the surface modification during lift off, which favored Vollmer Weber (3D) growth and boosts response behavior.
Next, we test the influence of a thin parylene-C encapsulation on response time. For this purpose, a transistor with an 86 nm parylene-C encapsulation layer was fabricated. For this device, the drain current reduction after ammonia injection occurs on two timescales, initially a fast drop within 1 s as observed for the bare device and subsequently a much slower response (Fig. 4) . The initial fast response may be due to pinholes in the parylene-C film. The slow response with a characteristic timescale of several 100 s is apparently caused by the encapsulation layer acting like a barrier. The passage of the ammonia through the parylene-C layer can be modeled by a 1D diffusion process [16, 37] .
Here, the ammonia concentration profile n(x,t) propagates from a constant reservoir with concentration n 0 into the material layer. The diffusion in the parylene-C layer after time t and depth x is controlled by the diffusion constant D according to relation (2) . For the data analysis in Fig. 3b , the assumption is made that the OFET current reduction nðL; tÞ scales with the concentration of ammonia at the organic semiconductor interface (x ¼ L), according to the idea that current reduction is caused by hole trapping due to ammonia intercalation. Thus, the drain current I(t) is given by IðtÞ ¼ I 0 À nðL; tÞ. Within this model, the slow response time for the thin capping device can be explained by an diffusion constant of D ¼ 9 $ 10 À13 cm 2 /s for ammonia in parylene-C, which is in agreement with our previous results [16] . This confirms that even a thin film of parylene-C acts as an efficient diffusion barrier for ammonia slowing down the response time considerably.
In previous experiments, the regeneration of the OFETs after ammonia exposure was rather slow. We tested if the improved response time is accompanied by a faster recovery; we find that this is not the case (supporting info Fig. S5 ). Upon rinsing the device with buffer solution, part of the drain current recovers rapidly, while most of the effect prevails. This suggests that the slow recovery is mainly due to absorption and binding of ammonia to the DNTT film. The OEFTs could be regenerated in a desiccator, thus the binding appears to be reversible. On the other hand, the sensitivity of the bare DNTT device is clearly improved. Previously, the ammonia detection limit was at 1 mM [16] . With the improved morphology, and without parylene-C encapsulation, a 1 mM concentration of ammonia induces still a pronounced drain current reduction, cf. supporting info Fig. S5 b. Noise upon solution flow, an issue reported in literature [5] , prevented examination of transient current response for lower ammonia concentrations. Interestingly, such effects are less pronounced during active gate voltage sweeps. For transfer curves, the effect of ammonia down to ammonia concentrations of 0.1 mM can be measured (supporting info Fig. S6) . A level of 0.1 mM ammonia in blood is indicative of acute disease, normal concentrations are below 0.05 mM [42] . With further improvements, organic transistors may be able to provide a point-ofcare measurement platform for this blood gas, if reliable control of drift is obtained.
Initially, our intention was to employ the parylene-C encapsulation as a semipermeable hydrophobic membrane keeping ions away from the semiconductor surface while neutral ammonia can pass. In view of the electrochemical stability of DNTT, this seems obsolete, since the DNTT layer itself is hydrophobic enough to exclude the ions from the semiconducting layer. Another benefit of the parylene-C layer is that it can be plasma activated in order to covalently bind urease for enzymatic detection of urea. Further, encapsulation helps to stabilize EGOFETs output in solutions of physiological strength [35] . Given the observation that the parylene-C coating slows down detection, other ultrathin hydrophobic barriers, such as lipid bilayers, should be explored for surface functionalization [35, 43, 44] .
Conclusion
DNTT based OFETs are electrochemically stable for solution gating. The response time of solution-gated DNTT OFETs for ammonia concentrations down to 1 mM OFETS is as low as 1s. A less than 100 nm thin parylene-C encapsulation layer delays the response time to 100 s by acting as a diffusion barrier. Consequently, thinner encapsulation layers such as lipid bilayers are The inset displays the evolution of ammonia concentrations within a 100 nm parylene-C layer according to eq. (2) . The black trace is for a time of 1s, the red trace for 5s, the blue trace for 10s, and the magenta trace for 50 s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) desirable for functionalization of OFET sensors. Next, the regeneration of the OFETs after ammonia exposure requires attention. If the regeneration can be accelerated, such OFETs will be interesting to measure cellular signaling.
